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Ab initio quantum mechanical calculations have been performed to study the excited state properties of the
symmetric all-E-configurated polyenyl cations, [R2C–(CH–CH)n–CH–CR2]
+, with R ¼ H and CH3 and n from
1 to 5. All geometries were fully optimised within the C2v space group using the DFT method and the Becke
LYP3 exchange correlation functional in conjunction with the 6-31G** basis set. Excited state energies were
calculated using multi-configurational second-order perturbation theory (CASPT2) within the framework of
CASSCF and a 4s3p1d/2s ANO basis set. The vinylene shift of 76 nm which is experimentally observed for
these compounds is reproduced with remarkable accuracy; the CASPT2 corrected vertical energies of the lowest
excited state (1 1B2) are within 0.07 eV of the experimental values. There is a steady increase of the
bathochromic shift induced by the four terminal methyl groups, from 75 nm for the shortest cation 1 (which has
five conjugated p-orbitals) to 115 nm in 5 (with 13 p-orbitals). The symmetry forbidden 2 1A1 state is slowly
decreasing with respect to the 1 1B2 state as the length of the chromophore increases, with the energy gap going
from 1.53 eV for 1 to 0.54 eV in 5. However, it appears that the 2 1A1 state stays above the 1
1B2 state even for
very long chromophore lengths. There is a close correlation between the electronic states of symmetric polyenyl
cations and streptocyanine dyes.
1 Introduction
Polyenyl cations are positively charged species, which are
formed when a strong acid is added to an appropriate precur-
sor, such as a conjugated polyene or alcohol (Fig. 1). As a
result the system of alternating double and single bonds of
the polyene is extended to include an additional unsaturated
carbon center. Formally the electronic structure of the new
entity may be represented by two mesomeric forms, which
for the symmetric heptatrienyl cation depicted in Fig. 1 are
identical except for the positions of the single and the double
bonds which are interchanged.1
The formation of the polyenyl cations is easy to follow since
these species are brightly coloured, in contrast to polyenes
which are yellow or even transparent, depending on the num-
ber of conjugated double bonds. Polyenyl cations derive their
colour from the same peculiarity which is found in the more
common streptocyanine or cyanine dyes: the delocalisation
of an even number of p-electrons over an odd number of unsa-
turated atomic centers.2 This topology prevents the localisa-
tion of p-electron pairs in alternating bonds which is typical
for polyenes. Instead, the p-electrons in polyenyl cations are
mobile and easily excited, and the absorbance is shifted into
the visible wavelength range.3
Protonation is an important tool for wavelength regulation
in nature. Using this device systems with conjugated but essen-
tially localized p-electrons are transformed into chromophores
which absorb in regions which are more amenable to the envir-
onment or which may enable a protein to perform a certain
task. For example, retinal Schiff base is the chromophore in
several retinal binding proteins, such as rhodopsin, sensory
rhodopsin and bacteriorhodopsin (Fig. 2).4–7 In the unproto-
nated state, the electronic structure of retinal Schiff base is
similar to a polyene, with alternating bond lengths and an
absorption maximum (357 nm) which is close to that of a cor-
responding polyene with 6 conjugated double bonds (344
nm).1,8,9 Upon protonation the wavelength is shifted to 440
nm, which is the result of increased p-electron delocalisation.
For fine-tuning the chromophore, there are additional interac-
tions of the chromophore with the environment, with the result
Fig. 1 All-E-1,1,7-trimethyl-1,3,5,7-octatetraen and (below) two
resonance structures of the 1,1,7,7-tetra-methyltrienyl cation. In par-
entheses: wavelength of the absorption maximum.
Fig. 2 Schiff base and protonated Schiff base of all-trans-retinal. In
parentheses: wavelength of the absorption maximum.
DOI: 10.1039/b202453e Phys. Chem. Chem. Phys., 2002, 4, 3305–3310 3305





















































View Article Online / Journal Homepage / Table of Contents for this issue
that the absorption maximum of protein bound retinal Schiff
base can be anywhere between 425 and 560 nm.
Understanding the mechanism of wavelength regulation of
the chromophore is important for understanding how the pro-
tein works which binds the chromophore. With its unsymme-
trical electronic structure and internal distortions retinal is a
challenge to any theory attempting to describe the excited
states of the molecule. As a step towards this goal we are treat-
ing simpler model systems using ab initio quantum theory. We
have shown recently that theory is able to quantitatively treat
the excited state properties (energies and transition moments)
of cyanine dyes, hetero substituted symmetrical p-delocalized
systems. Employing a CASSCF reference function corrected
by a perturbational treatment (CASPT2) to account for dyna-
mical correlation effects yields quantitative agreement with
experiment for systems with 4 to 12 p-electrons.10–12 Employ-
ing basis sets of increasing sophistication we made certain that
no arbitrary results were obtained. The calculated vertical exci-
tation energies for the long wavelength absorptions were cor-
rect to within 0.08 eV of the experiment. Not only was the
vinylene shift of 100 nm correctly reproduced, but also the
effect of terminal methyl substitution on the absorption maxi-
mum.
Polyenyl cations are electronically very similar to cyanine
dyes. They show a regular increase in the wavelength of the
absorption maximum as the chromophore gets larger, though
the shift (76.5 nm) is smaller than for the cyanine dyes.13 The
most casual explanation for this shift is provided by free-elec-
tron gas theory:14–17 treating the p-electrons as standing waves
extending over the length of the chromophore—and a little bit
beyond—gives a wavelength for the electronic excitation from
the HOMO to the LUMO orbital which increases linearly with
the number of p-electrons of the chromophore. Free electron
gas theory works for delocalized p-systems such as polyenyl
cations and for cyanine dyes, but fails for polyenes and similar
systems, because the interaction between the elastic s-frame-
work and the electronic wave function is not taken into
account. Semi-empirical theory has been applied to polyenyl
cations, but with limited success. Excitation energies calculated
on the basis of CNDO/S or PPP are not satisfactory, even
when higher excited configurations are included.18 Parame-
trized specifically with the aim to reproduce the spectra of
polyenes and polyenyl cations, the PPP method can be
adjusted to give reasonable data for these systems.19 Except
for a study on the ground state properties of the pentadienyl
cation20 we are not aware of any ab initio calculations of poly-
enyl cation excited states.
In the following we present an analysis of polyenyl cations
of general formulae given in Fig. 3 (n ¼ 1–5), using CASSCF
theory coupled with CASPT2. The agreement with experiment
will be seen to be as high as was found for the cyanine dyes,
which attests to the ability of the method to treat p-delocalized
systems ab initio.
2 Computational methods
Ground state equilibrium geometries were obtained by energy
minimization using the density functional method as provided
by the GAUSSIAN98 program package.21 A 6-31G** basis set
expansion was employed together with the B3LYP exchange
correlational functional.22,23 For the calculations we used the
redundant internal coordinate module and restricted the sym-
metry to C2v .
Vertical excitation energies and transition moments were
computed using ab initio theory. We used the CASPT2
approach which is a second order perturbational treatment of
the complete active space (CASSCF) reference function.24–27
This method has been shown to give a very reliable description
of complex problems, e.g. in transition metal chemistry and
photochemistry. We have recently applied the CASPT2
method to symmetric streptocyanine dyes and twisted cyanine
dyes and found that it gives a highly accurate account of the
excited state energies of these formally rather simple conju-
gated systems.10–12 For the present calculations we employed
an atomic natural orbital (ANO) type basis set28,29 which
was contracted to 4s3p1d/2s for carbon and hydrogen, respec-
tively. Different contraction schemes of the ANO basis show
only little variation once the size is reached which we employ
here. Also, this is the only basis set which we can use through-
out, including the large methyl substituted systems. The active
space for the CASSCF reference function included all p-elec-
trons (from 4 to 12) and all p-orbitals (symmetry a2 and b1);
details of the active space and the electrons are given in Table
3. State averaging was performed for the three lowest states
considered. Energy corrections were calculated by CASPT2,
with core orbitals excluded. In order to avoid the effect of
intruder states, a level shift of 0.1 au was employed.30,31 For
the electric transition moments, the CAS state interaction
(CASSI) method was used:32 CASSCF calculated transition
moments are combined with CASPT2 corrected energies to
obtain oscillator strengths. This approach is well-established
for studying the electronic spectra of aromatic and open-chain
conjugated compounds.33
CASSCF, CASPT2 and CASSI calculations were performed
with the MOLCAS-5 software package.34
3 Results and discussion
3.1 Ground state properties
Considering the symmetry restrictions which are imposed on
the energy search it is not surprising that the resulting geome-
tries of the polyenyl cations are planar (with conformations of
the terminal methyl groups, if present, appropriate for C2v
symmetry). Also, the strict bond alternating structure sug-
gested by any of the mesomeric forms of Fig. 1 is forbidden
in this space group. However, by analysing the Hesse matrix
we made certain that all calculated geometries corresponded
to minimum energy structures. The final bond distances and
bond angles of 1–5 are given in Tables 1 and 2, respectively.
The bond length pattern is puzzling but fits the symmetry
Fig. 3 The polyenyl cations treated in this study, from n ¼ 1 (1) to
n ¼ 5 (5). R is either hydrogen or methyl, CH3 . The numbering of
the carbon centers starts with 1 at either terminus.
Table 1 B3LYP/6-31G** optimized geometries of polyenyl cations
1–5: bond lengths (in pm)
C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–C7
R ¼ H
1 136.4 141.2
2 135.7 142.2 139.1
3 135.4 142.7 138.2 140.1
4 135.2 143.1 137.7 140.8 139.2
5 135.0 143.3 137.3 141.2 138.7 139.9
R ¼ Me
1 138.5 140.3
2 137.9 141.0 139.2
3 137.4 141.5 138.6 139.9
4 137.1 141.9 138.2 140.4 139.3
5 136.9 142.2 137.9 140.7 138.9 139.8


















































restrictions: starting with rather short terminal C–C bonds at
both ends the bonds alternate between long and short; a
scheme which is only interrupted at the center of the chromo-
phore where either two long bonds—as in 1, 3, and 5—or two
short bonds meet (2 and 4). This alternance correlates with the
symmetry of the HOMO (a2 in the former, b1 in the latter) and
the concomitant low and high p-density delivered by this orbi-
tal to the center of the chromophore. The bond alternation is
decreasing steadily towards the center, and it is significantly
stronger than in the corresponding cyanines in which the bond
distances are almost equalized, about 139.5 pm.11 Methyl sub-
stitution does not change this pattern markedly, though the
terminal C–C bond of the chromophore is lengthened for steric
reasons. Partial double bond fixation of the polyenyl cations is
also manifest in the calculated UV/Vis spectra and will be dis-
cussed there.
Like the cyanines the polyenyl cations exhibit regular bond
angle alternation along the unsaturated system giving the
whole structure a bow-like appearance. Fig. 4 shows that there
is an obvious correlation between calculated atomic charges
(obtained from a natural population analysis, NPA) and calcu-
lated bond angles: C–C–C angles at even-numbered carbons,
where the atomic charge is low or even negative are signifi-
cantly smaller (around 122) than angles at odd-numbered cen-
ters (around 124) where the charges are positive. Alternating
bond angles have been found in the X-ray structures of several
streptocyanines in which atomic charges alternate like in the
polyenyl cations (Fig. 4).35,11
Terminal methyl substitution widens the outermost bond
angle (C1–C2–C3) of a polyenyl cation significantly, by about
5, in contrast to the cyanines where the effect of methyl sub-
stitution is negligible. This is a consequence of the different
molecular topologies of polyenyl cation and cyanines: in the
former, the terminal C–C–C bond angle is of the contracted
type, and methyl substitution can be expected to run against
significant steric hindrance. In the cyanines this angle is
widened, and the methyl group does not experience any
marked steric hindrance.
3.2 Excited state properties
Calculated CASSCF and CASPT2 corrected ground state
energies and oscillator strengths of the two lowest excited
states, are shown for the unmethylated polyenyl cations 1–5
in Table 3 together with a detailed description of the active
space used. For the methyl derivatives, the corresponding data
are found in Table 4. A detailed characterization of the states,
including the main contributing configurations and their
weights, is given for the latter in Table 5.
Though the composition of the states becomes more diffuse
as the length of the conjugated system increases, all states can
be characterized by their leading configurations. The totally
Table 2 B3LYP/6-31G** optimized geometries of polyenyl cations
1–5: bond angles (in degrees)
C1–C2–C3 C2–C3–C4 C3–C4–C5 C4–C5–C6 C5–C6–C7 C6–C7–C8
R ¼ H
1 120.2 124.3
2 121.0 124.4 121.0
3 121.6 124.4 121.6 124.5
4 122.0 124.4 121.9 124.6 121.9
5 122.3 124.4 122.2 124.6 122.2 124.6
R ¼ Me
1 125.3 122.9
2 125.6 123.8 121.7
3 125.9 123.8 122.1 124.7
4 126.1 123.8 122.3 124.7 122.3
5 126.3 123.8 122.5 124.7 122.5 124.7
Fig. 4 Resonance structures and calculated NPA charge distribution of the polyenyl cation 5 and the isoelectronic cyanine dye. The bows indicate
where the C–C–C bond angles are enlarged. Hydrogen charges are summed into heavy atom charges.
Table 3 CASSCF and CASPT2 corrected state energiesa and oscilla-
tor strengths of polyenyl cations 1–5, R ¼ hydrogen
Active spaceb Statec ECASSCF
d ECASPT2
d e f
1 2, 3/4 1 1A1 193.1979 193.7781
1 1B2 4.56 3.92 (316) 0.81
2 1A1 4.90 4.73 (262) 0.01
2 3, 4/6 1 1A1 270.1493 270.9701
1 1B2 3.74 3.20 (388) 1.15
2 1A1 4.21 3.85 (322) 0.01
3 4, 5/8 1 1A1 347.0939 348.1552
1 1B2 3.15 2.70 (459) 1.44
2 1A1 3.66 3.23 (384) 0.01
4 5, 6/10 1 1A1 424.0346 425.3367
1 1B2 2.71 2.35 (528) 1.74
2 1A1 3.23 2.78 (447) 0.01
5 6, 7/12 1 1A1 500.9729 502.5157
1 1B2 2.36 2.07 (599) 2.01
2 1A1 2.90 2.44 (509) 0.01
a For 1 1A1 states absolute energies in au, for 1
1B2 and 2
1A1 states
relative energies in eV and nm (in parentheses). b Number of active
orbitals of a2 and b1 symmetry/number of active electrons.
c Accord-
ing to C2v symmetry.
d The basis set is 4s3p1d/2s. e Level shift: 0.1 au.


















































symmetric ground state (1 1A1) consists of 90% closed shell
contribution in 1; in 5 this share is decreasing to 74%, with
the difference made up by more possible doubly excited config-
urations of negligible weight. The first excited state (1 1B2) cor-
responds to the classical HOMO!LUMO excitation; the
contribution is 92% in 1 and goes down to 72% in 5. The sec-
ond excited state (2 1A1) is again totally symmetric. The lead-
ing configuration of this state is the doubly excited
HOMO)LUMO configuration, with the share staying
approximately constant between 33 and 38%. Among the other
configurations contributing to this state are the singly excited
HOMO 1!LUMO and, to a significantly smaller degree,
the HOMO!LUMO+1 excitations. In summary, we note
that most of the configurations contributing to the ground
and the two lowest excited states are derived from the four
front orbitals, from HOMO 1 to LUMO+1, of the p-sys-
tem.
The ground state energies (Tables 3 and 4) decrease almost
linearly from 1 to 5 (R ¼ methyl, all values quoted are
CASPT2), with an increment of (77.1790 0.0025) au per
added vinylene unit. Of more interest with respect to spectro-
scopic data are the energies of the excited states relative to the
ground state. Fig. 5 shows how these energies change as a
function of the chromophore length.
Both states become increasingly stabilized as the chromo-
phore gets longer, but the higher 2 1A1 state more so than
the lower 1 1B2 state, with the result that the energy difference
between the two states decreases, from 1.53 eV in 1 to 0.54 eV
in 5. Though the range of chromophores studied is too small
for safe predictions, it seems that the gap stays positive (i.e.
no state crossing to occur) and converges to a value between
0.4 and 0.5 eV or 3200 and 4000 wave numbers for long sys-
tems. Polyenyl cations behave quite different from the neutral
polyenes where state switching has been calculated to occur
when the chromophore reaches the length of all-trans-octate-
traene.36,37
Calculated oscillator strengths differ remarkably for the two
excited states which reflects their highly allowed (1 1B2) resp.
forbidden character (2 1A1) within the C2v space group. The
oscillator strength of the 1 1B2 state increases, from 0.86 au
in 1 to 2.03 au in 5. Note that these values correspond to the
extended all-E-configuration of the systems; any distortion
from planarity or isomerization should decrease these values.
The values are in line with the oscillator strengths calculated
and measured for the related cyanine dyes.11
Calculated energy differences of the 1 1B2 state are compared
in Table 4 with experimental results determined by UV/Vis
spectroscopy of the polyenyl cations in two different solvents
(80% H2SO4 and HFBA, heptafluorobutyric acid).
1 The agree-
ment is very good: the maximum deviation between CASPT2
Table 4 CASSCF and CASPT2 corrected state energiesa and oscillator strengths of polyenyl cations 1–5, R ¼ methyl
Stateb ECASSCF
c ECASPT2
c d f EExp
e EExp
f
1 1 1A1 349.4142 350.5578
1 1B2 4.01 3.17 (391.4) 0.86 3.13 (396)
2 1A1 4.98 4.70 (263.8) 0.01
2 1 1A1 426.3544 427.7394
1 1B2 3.24 2.62 (472.8) 1.20 2.62 (473) 2.67 (464)
2 1A1 4.11 3.69 (335.8) 0.01
3 1 1A1 503.2926 504.9179
1 1B2 2.74 2.24 (554.4) 1.49 2.25 (550) 2.31 (536.3)
2 1A1 3.53 3.05 (406.6) 0.01
4 1 1A1 580.2292 582.0946
1 1B2 2.36 1.95 (634.3) 1.77 1.98 (626) 2.03 (609)
2 1A1 3.10 2.61 (475.9) 0.01
5 1 1A1 657.1646 659.2723
1 1B2 2.07 1.74 (713.7) 2.03 1.76 (702) 1.82 (678)
2 1A1 2.78 2.28 (544.6) 0.01
a For 1 1A1 states absolute energies in au, for 1
1B2 and 2
1A1 states relative energies in eV and nm (in parentheses).
b According to C2v symmetry.
c The basis set is 4s3p1d/2s. d Level shift: 0.1 au. Experimental data from ref. 1. e In 80% H2SO4 .
f In HFBA.
Table 5 CASSCF calculated states and main contributing configura-






































































a For the ground states only the two highest occupied orbitals, for the
excited states only created holes and electrons are tabulated; orbitals
are ordered with increasing number of nodes.
Fig. 5 Energy of the 1 1B2 (–S–) and the 2 1A1 state (–L–) relative to
the ground state in the homologous series of polyenyl cations. Also
shown is the energy difference (–/–) between the two states.


















































corrected energies and experimental values is less than 0.07 eV,
regardless of the solvent considered. Another measure of the
quality of the agreement is obtained from an analysis of the
vinylene shift. The calculated value is 80 nm; this is the con-
stant bathochromic shift as the chromophore is extended by
one CH–CH group. The corresponding experimental value is
76 nm (in H2SO4 ; the values in HFBA are somewhat irregu-
lar). In the cations with R ¼ H, the vinylene shift is smaller,
about 70 nm. Consequently, the bathochromic shift of the four
methyl groups increases, from 75 nm in 1 to 115 nm in 5. No
data are available for the experimentally observed shift since
the unsubstituted cations are not stable. In streptocyanine
dyes, however, the data are known.38,39 In these compounds
the bathochromic shift due to methyl substitution is between
10 and 55 nm for systems with 6 to 12 p-electrons which is sig-
nificantly smaller than the shift calculated for the polyenyl
cations.
The molecular orbitals which are relevant for the intense
long wavelength absorption of the polyenyl cation 4 and of
the isoelectronic streptocyanine with the same number of p-
electrons (10) are depicted in Figs. 6 and 7. Counting the anti-
nodes it is easy to see that the pair corresponds in both cases to
the HOMO resp. LUMO of these two compounds. Despite
their overall semblance there are peculiar differences. Note
especially that in the HOMO of the polyenyl cation (Fig. 6)
all antinodes except the one in the middle are centered at alter-
nating C–C bonds of the chromophore. This situation which
implies partial double bond fixation is quite different in the
streptocyanines (Fig. 7), where the five antinodes of the
HOMO coincide exactly with the five atomic centers (including
the terminal nitrogen atoms).
Double bond fixation of the HOMO implies stabilization of
the occupied orbital and should result in a high-energy—or
blue—shift of the electronic excitation to the LUMO. On the
basis of the free electron gas model one calculates for the strep-
tocyanines with 6 and 8 p-electrons, respectively, absorption
maxima of 332 and 460 nm. The experimental values are 313
and 416 nm. The agreement is not perfect, but considering
the simplicity of the model, quite satisfactory. For the isoelec-
tronic polyenyl cations the calculated values, based on the
same model assumptions, are 590 and 718 nm, vs. 472 and
550 nm found experimentally (Table 4). This huge discrepancy
is probably a manifest of the partial double bond fixation pre-
sent in the polyenyl cations.
4 Summary and conclusions
We have performed CASSCF/CASPT2 calculations on a ser-
ies of unsubstituted and tetramethyl substituted symmetrical
polyenyl cations with the aim to elucidate the nature of the
excited states of these systems. The electronic structure of these
‘‘odd alternant hydrocarbons’’40 turns out to be rather similar
to the isoelectronic heterosubstituted cationic cyanine dyes,
which we have studied earlier using the same methodological
approach. For the substituted polyenyl cations 1 through 5
we have obtained quantitative agreement between the calcu-
lated and experimental position of the intense long wavelength
absorption (which has the same symmetry, 1 1A1! 1 1B2 , as
the methine band of the cyanine dyes). Also, the calculated
vinylene shift of 80 nm is in remarkable agreement with the
experimental value of 76 nm. The calculated bathochromic
shift exerted by the terminal methyl groups is between 75
and 115 nm, which is significantly larger than the shift found
in cyanine dyes. There are no experimental data for the second
excited state (2 1A1); however, the calculations indicate that
there remains a finite gap between this state and the lower
1 1B2 state as the conjugated chain gets longer.
The computational resources needed to perform the PT2
correction are considerable. Disc storage space and cpu time
easily exceed the requirements needed for the basic CASSCF
procedure. However, the perturbational correction to the
CASSCF calculated excited state energies is necessary to
obtain quantitative agreement between theory and experiment.
The data given in Tables 3 and 4 show that CASSCF energies
for the 1 1B2 state may differ by as much as 0.84 eV from the
corrected values, which corresponds to more than 80 nm in the
400 nm spectral region, clearly an unacceptable result. It
remains to be seen whether parametrization of the CAS data
is possible to empirically substitute for the PT2 correction.
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27 K. Andersson, P.-Å. Malmqvist and B. O. Roos, J. Chem. Phys.,
1992, 96, 1218.
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